The invasion of the spotted wing drosophila, Drosophila suzukii Matsumura, across the Americas and Europe has led to increased insecticide applications to protect fruit crops. This insecticide usage conflicts with integrated pest management programs, as well as harvest, export, and pollination services in the affected crops. A novel management tool was assessed against D. suzukii that may mitigate these conflicts. HOOK SWD, an attract-and-kill (A&K) formulation applied as a sprayable bait, was evaluated for three growing seasons in two berry crops in New Jersey and California. In blueberry crops treated with HOOK SWD, fruit infestations by D. suzukii were 2-8 times lower than in untreated crops. In trials in commercial raspberry fields, weekly or biweekly HOOK SWD applications combined with a single grower standard D. suzukii-targeted cover spray resulted in nearly 2-5 times fewer fruit infestations compared to the grower standard cover spray alone. Assays of the residual activity of HOOK SWD resulted in more than 78-93% adult D. suzukii mortality when exposed to raspberry leaves after the formulation had aged for 35 d in the field under plastic hoop houses. These results suggest that this A&K strategy can be integrated in D. suzukii management programs.
AgroSciences LLC, Indianapolis, IN) for noctuid moths and tephritid flies, respectively, both have been formulated to treat a very small proportion of the field with low amounts of insecticide active ingredient (AI) per hectare (Prokopy et al. 2003 , Pelz et al. 2005 , Mangan et al. 2006 , Faleiro et al. 2016 . A&K strategies have documented successful reduction in D. suzukii in laboratory trials with boric acid treated red cups with yeast-sugar attractant (Alnajjar et al. 2017) and in small-scale field trials with red attracticidal spheres (Rice et al. 2017) . The boric acid red cups failed to reduce D. suzukii in field trials (Alnajjar et al. 2017) , and while spheres could be a viable strategy in certain situations, they require rewetting, crop pruning to be visually apparent to flies, and a high density of spheres per ha. A sprayable A&K formulation is operationally easier to deploy, and thus better positioned as a product for successful and rapid adoption by growers while meeting the aforementioned beneficial criteria.
HOOK SWD (ISCA Technologies, Inc.) is an experimental sprayable A&K formulation specifically developed for D. suzukii, containing a blend of proprietary olfactory and feeding attractants, pink coloring for visual attraction, sugars for phagostimulation, and the insecticide, spinosad, incorporated at a concentration of 0.5% by weight. These AIs are formulated with a slow-release matrix SPLAT (Specialized Pheromone and Lure Application Technology, ISCA Technologies, Inc.) and does not require any mixing with water or adjuvants. The SPLAT matrix provides controlled release of labile semiochemicals (Stelinski et al. 2005) and has been used in mating disruption, A&K, and attractant and repellent formulations for insect pests and pollinators (e.g., Vargas et al. 2008 , Rodriguez-Saona et al. 2010 , Mafra-Neto et al. 2013 . The volatile compounds used in the HOOK formulation are known attractants to D. suzukii adults (El Hadi et al. 2013 , Kleiber et al. 2014 , Aprea et al. 2015 , and flies have been observed making direct contact with HOOK in laboratory assays (W. H. Urrutia, unpublished data).
The objective of the studies was to determine the effects of the HOOK SWD A&K formulation on D. suzukii in small-and largescale blueberry and raspberry field trials, and to conduct a residual activity test in raspberry. We hypothesized that HOOK SWD A&K provides season-long fruit protection (i.e., reduced fruit infestation) against D. suzukii in small fruit crops.
Materials and Methods

A&K Formulations
Drosophila suzukii A&K prototype formulations were evaluated between 2014 and 2016 for impact on fruit infestation levels. They were slightly adjusted and improved three times throughout the trials and are differentiated by HOOK SWD-A, HOOK SWD-B, and HOOK SWD-C. These experimental formulations of HOOK SWD were assessed for their impacts on the target insects. Because this formulation constitutes proprietary technology, the authors are unable to disclose detailed compositions, but experimental formulations are available for further study while regulatory approval is pending.
Small-Scale Field Experiments
The HOOK SWD-B and HOOK SWD-C A&K formulations were evaluated in small-scale field experiments at two different highbush blueberry (Vaccinium corymbosum L.) farms where no other insecticides were used. The A&K formulations were applied using a CO 2powered MeterJet spray gun (Spraying Systems Co., Wheaton, IL). The sprayer was calibrated to deliver 16.1 liters of each formulation per ha at 275 kPa. Each blueberry plant received four spray shots of 1.34 ml HOOK SWD-B. These experiments were conducted in open (i.e., non-protected by plastic, glass, etc.) blueberry fields.
In 2014, three 0.04 ha blocks of blueberries (cv. 'Elliott') at the Rutgers P.E. Marucci Center in Chatsworth, NJ (39°43′02.3″N 74°30′53.7″W) were divided into two plots (each 0.02 ha) per block, with one row (1.5 m) buffer in between plots. These plots were randomly assigned to either HOOK SWD-B or untreated control, and each plot was considered a replicate. Treatment applications were made on 27 July and 4 August. At 1900 hours on 5 August, 1,500 D. suzukii adults (3-7 d old, 1:1 female:male) from a laboratory colony were released to increase D. suzukii pest pressure. The colony was initiated in 2013 from individuals collected in Hammonton, NJ, and were maintained in a laboratory growth chamber (24°C, 45% RH, and a photoperiod of 16:8 (L:D) h) on solid food diet as described by Dalton et al. (2011) . Flies were released about 1 m above ground from 150 vials spread evenly across the experimental area. On 11 August, 7 d after the second HOOK SWD application, 10 fruit samples were collected: 340 g (~150 berries) of newly developed marketable blueberry fruit were harvested along two diagonal transects across the center of each plot. Larval extractions from fruit were made using the salt water extraction method. Fruit was crushed in salt solution of 10 brix for 15 min and all larvae removed and counted (Dreves et al. 2014) .
A second field experiment was conducted in 2015 at a commercial blueberry (cv. 'Bluecrop') farm in Hammonton, NJ (39°40′11.6″N 74°46′58.1″W). The experimental protocol used in the 2014 study was similar in 2015, with a few exceptions. The A&K formulation applied was experimental prototype HOOK SWD-C rather than HOOK SWD-B, and because this field had higher D. suzukii pressure based on current and historical trapping data, it was not considered necessary to release colony flies into the field. There were two replicated plots per treatment and HOOK SWD applications were made on 29 July and 4 August. On 14 August, 10 d after the second HOOK SWD application, fruit samples were collected following the 2014 protocol; larval extractions from fruit were also the same as in 2014.
Large-Scale Field Experiments
Blueberry Field Experiment A field experiment was conducted in 2016 to test HOOK SWD in a commercial highbush blueberry farm located in New Lisbon, NJ (39°55′55″N, 74°36′58″W). Eight plots, each ~0.2 ha in size, were selected from an open field planted with cv. 'Elliot' blueberries not being subjected to any form of insecticide treatment. Four of these plots were randomly assigned to receive treatment with HOOK SWD-A, while the remaining four plots were left untreated to serve as controls. HOOK SWD-A treatments were applied weekly for four weeks to every fourth bush in each row in treated plots with the same application method as described in the previous section but at a lower rate of 3.7 liters/ha. Each week, six samples were collected in a transect across each plot, 6 d after each application. Each sample consisted of 180 g (~80 berries) of marketable fruit chosen randomly from five bushes at each sampling point. In HOOK plots, each sample included one treated bush and the four neighboring untreated bushes. Fruit samples from treated and untreated bushes were then placed together in individual plastic cups and incubated ~5 d under laboratory conditions (21°C, 53% RH and 12:12 (L:D) h), at which point larval infestations were determined with the saltwater extraction method.
Raspberry Field Experiments
In the spring of 2016, two HOOK SWD formulations were evaluated for their impact on D. suzukii in red raspberry (Rubus idaeus L.) crops, on a field under standard grower management practices for this pest. The trial site was established on a farm in Camarillo, CA (34°10′17″N, 119°2′30″W), planted with raspberry cv. '#1' (Driscoll's proprietary cultivar), and grown under plastic hoop tunnels (each tunnel is typically 4.1 m tall by 91.4-106.8 m long) with open sides and entrances. The site was divided into a series of plots approximately 1-1.5 ha in size, assigned to one of three treatments: 1) grower standard D. suzukii management spray, which was a single cover spray of spinetoram (105.1 g AI/ha, Delegate WG, Dow AgroSciences, Indianapolis, IN) applied to the entire canopy and trial area on week 4 of the harvest season; 2) HOOK SWD-A plus the same grower standard spray; 3) HOOK SWD-B plus the grower standard spray. The HOOK SWD formulations were applied weekly at a rate of 3.7 liters/ha starting at the beginning of harvest through the end of harvest 9 wk later, using a hand-pump backpack sprayer (#190359, Smith 4-gallon tank sprayer, Lowe's, Mooresville, NC) with an even flat spray nozzle (#TP8002E, TeeJet Technologies, Wheaton, IL) as shown in Fig. 1a . A liquid splatter ( Fig. 1b) covering an area of approximately 1 meter was treated every 3-5 m to one side of each row (three rows per tunnel), as illustrated in Fig. 1c . Eight samples per treatment of fifty marketable fruits were collected weekly within 25 m of a plant row. Larvae were extracted from each fruit sample with the salt water extraction method after a 2 d incubation in the laboratory.
Two experiments were conducted in the fall of 2016 to evaluate the effects of HOOK SWD-A formulation on D. suzukii larval counts in fruits of raspberry crops under standard D. suzukii grower management practices. The first experiment was conducted in Oxnard, CA (34°7′26″N, 119°5′4″W). Three 2.4 ha blocks of raspberry fields, planted with cv. '#2' (Driscoll's proprietary cultivar) grown under plastic hoops, were divided into two plots of 1.2 ha, each randomly assigned to one of the following two treatments: 1) HOOK SWD-A plus grower standard D. suzukii management spray; or 2) standard sprays alone. Each plot had four sampling areas as described in the previous raspberry trial. In plots assigned to HOOK SWD-A treatment, the A&K formulation was applied biweekly (every 2 wk), starting at the beginning of harvest through end of the harvest 7 wk later. The grower standard cover spray, applied to the entire canopy of the trial area, was spinetoram + malathion (2,241.7 g AI/ ha, Malathion 8 Aquamul, Loveland Products, Inc., Greeley, CO) on week 1.
The second fall experiment was conducted at a raspberry farm in Watsonville, CA (36°54′42″N, 121°39′53″W), planted with cv. '#1' grown under plastic hoops, and had the same treatments as in Oxnard. Treatment plots were assigned to entire 1.5 ha blocks and each replicated three times. Each plot had fruit sampling areas as described before. HOOK SWD-A formulation was applied weekly starting at the beginning of harvest and ending 9 wk later. The grower standard cover spray was a zeta-cypermethrin (56.0 g AI/ha, Mustang 1.5 EW, FMC Corporation, Philadelphia, PA) application to the entire canopy and trial area 2.5 wk before the end of harvest.
Residual Activity Test
A residual activity assay was done to determine how field-aged A&K formulations influence D. suzukii adult mortality. A raspberry field in Watsonville, CA (36°55′09″N, 121°40′45″W) was selected to evaluate residual activity under plastic hoops. Approximately 200 raspberry leaflets were each treated across 10 plant rows with 0.2 ml dollops of the HOOK SWD-A or B formulations using a syringe on 7 June 2016. Fifteen leaflets with the A formulation, B formulation, and untreated were removed from the same side of a plant canopy on 1, 7, 14, 21, 29, and 35 days after treatment. Each leaflet was placed in a 50 ml conical centrifuge tube (Falcon, Oxnard, CA) filled with water and wrapped in Parafilm M (Bemis NA, Neenah, WI), which was adhered inside a 946 ml plastic deli cup with 18 small holes (each 1 mm diameter) on the sides. Ten D. suzukii adults (4-to 8-d-old) of each sex were added to each container. Every container had a wick of 10% sugar water for food. Flies were originally collected from a managed field in Watsonville, CA, in fall 2015 and again in spring 2016 and were reared in a laboratory colony room at 24°C, 50% RH, and a photoperiod of 14:10 (L:D) h on solid food diet of 78 ml mashed potatoes (General Mills, Inc., Minneapolis, MN), 5 ml granulated sugar, 1.25 ml active dry yeast (Lesaffre Yeast Corporation, Milwaukee, WI), and 118 ml water per 946 ml plastic deli cup. Adult D. suzukii mortality was assessed after 24 h of exposure to treatments with laboratory conditions about 21°C and 53% RH and natural day length.
Statistical Analysis
Mean number of larvae per berry was calculated for each plot prior to analysis. Data were analyzed using analysis of variance (ANOVA) if assumptions of normality and homogeneity of variances were met. Welch's ANOVA was used when the assumption of homogeneity of variances was not met. Post hoc comparisons were made with the Tukey-Kramer HSD test. Analyses were done using Minitab version 16 (Minitab, Inc., State College, PA) for blueberry data and JMP version 13.2.1 (SAS Institute, Inc., Cary, NC) for raspberry data. The alpha was 0.05 in all tests.
Results
Small-Scale Field Experiments
In 2014 field trials, blueberry fruit collected 7 d after the second HOOK SWD application had an average of 0.026 (±0.001 SE) D. suzukii larvae per berry compared to 0.061 larvae (±0.009 SE) per berry in untreated control fruit (F = 15.29; df = 1, 5; P = 0.017). In 2015, blueberry fruit collected 7 d after HOOK SWD application had an average of 0.022 (±0.008 SE) larvae per berry compared to 0.169 (±0.024 SE) larvae per berry in the control (F = 33.28; df = 1, 3; P = 0.029).
Large-Scale Field Experiments
Blueberry Field Experiment
There was no difference in the number of D. suzukii larvae between treatments on week 1, prior to the first application of the A&K formulation in the field (F = 1.161; df = 1, 7; P = 0.322). However, berries collected from HOOK SWD-treated bushes had 5.9, 5.2, and 3.8 times fewer larvae compared to the untreated control bushes at week 2 (F = 12.71; df = 1, 7; P = 0.011), week 3 (F = 29.92; df = 1,7; P = 0.001), and week 4 (F = 92.67; df = 1, 7; P < 0.001), respectively (Fig. 2) .
Raspberry Field Experiments
Pre-trial sampling on the first collection week showed that raspberry fruit from the HOOK SWD-A and grower standard pesticide spray treatment had more larvae than fruit treated with HOOK SWD-B plus grower standard (P = 0.0153, Tukey-Kramer) and the grower standard alone (P = 0.0055, Tukey-Kramer) (Fig. 3a) . However, by week 8, HOOK SWD-A and SWD-B-treated crops had significantly fewer larvae than those treated with the grower standard spray alone (P = 0.0448 and P = 0.0478, respectively, Tukey-Kramer). These results remained consistent for HOOK SWD-A for the rest of the season (week 9 [P = 0.0344, Tukey-Kramer], week 10 [P < 0.0001, Tukey-Kramer]), and for HOOK SWD-B only on week 10 (P = 0.0001, Tukey-Kramer). Averaged across the entire harvest season, crops treated with HOOK SWD-A plus grower standard (0.04 larvae per berry ± 0.01 SE) and with HOOK SWD-B plus grower standard (0.05 larvae per berry ± 0.01 SE) had 82% and 73% fewer larvae, respectively, than crops treated with the grower standard spray alone (0.20 larvae per berry ± 0.04 SE).
In the fall Oxnard raspberry trial, HOOK SWD plus grower standard pesticide spray had significantly fewer larvae in fruits starting on the fourth week of the trial (F = 5.02; df = 1, 21; P = 0.0362) and continuing through the end of harvest (week 5 [F = 15.82; df = 1, 17; P = 0.0010], week 6 [F = 38.26; df = 1, 20; P < 0.0001], and week 7 [F = 4.90; df = 1, 20; P = 0.0387]), as in Fig. 3b . Averaged across the entire season, there were 38% fewer larvae in samples from HOOK SWD-treated crops (0.11 larvae per berry ± 0.02 SE) than in those from crops treated with the grower standard spray alone (0.18 larvae per berry ± 0.03 SE). The grower standard sprays are indicated by an arrow: spinetoram on week 4. Averages with different letters within a week are significantly different from each other; (b) fall trial in Oxnard, CA, with grower standard alone and biweekly HOOK SWD-A + standard, and spinetoram + malathion spray on week 1 indicated by arrow. Averages with two stars within a week are significantly different from each other; (c) fall trial in Watsonville, CA, of grower standard alone and weekly HOOK SWD-A + standard, and zeta-cypermethrin spray on week 7 indicated by arrow. Averages with two stars within a week are significantly different from each other.
In the fall Watsonville trial, HOOK SWD plus grower standard pesticide spray had significantly fewer larvae in fruits starting on the fourth week (F = 13.89; df = 1, 19; P = 0.0014) of the trial through the end of harvest (week 5 [F = 14.06; df = 1, 17; P = 0.0016], week 6 [F = 11.82; df = 1, 16; P = 0.0034], week 7 [F = 9.96; df = 1, 11; P = 0.0088], week 8 [F = 18.40; df = 1, 12; P = 0.0010], and week 9 [F = 16.75; df = 1, 13; P = 0.0012]), as in Fig. 3c . Averaged across the entire season, there were 76% fewer larvae in samples from HOOK SWD-treated crops (0.18 larvae per berry ± 0.02 SE) than from those treated with the grower standard spray alone (0.74 larvae per berry ± 0.11 SE).
Residual Activity Test
Both HOOK SWD formulations (A and B) induced significantly higher percent mortality in D. suzukii adults exposed to field-aged product on raspberry leaves compared to untreated leaves on all days after application (all Ps < 0.001, Tukey-Kramer) ( Table 1 ).
Discussion
In blueberry crops treated with HOOK SWD, fruit infestations by D. suzukii were 2-8 times lower than in untreated crops. Similarly, in trials in commercial raspberry fields in southern California, weekly or biweekly HOOK SWD applications plus a single grower standard D. suzukii-targeted cover spray resulted in nearly 2-5 times fewer fruit infestations compared to the grower standard alone. This study provides the first evidence of an A&K strategy at large commercial scale that can be implemented in small fruit IPM programs to manage this invasive pest. Moreover, our study indicates that HOOK SWD is equally effective under open blueberry field conditions and in semi-open (i.e., not completely enclosed plastic hoops) raspberries where movement of D. suzukii flies from outside into the crop was not hampered. Thus, we expect HOOK SWD to perform equally well or better in crops growing under closed conditions (i.e., use of exclusion nets for blueberries or where plastic hoops have netted ends for raspberries; Cormier et al. 2015 , Leach et al. 2016 , Rogers et al. 2016 where movement of flies from outside is much reduced.
The residual assays of flies exposed to field-aged HOOK SWD had kill rates above 78% when the formulations had aged up to 35 d. However, the protocol used for residual analysis will likely not translate to a real-world field environment. In the lab, competitive forces are removed (e.g., alternative sources of food or odor), and high humidity within the deli containers rehydrate and revitalize the product. Also, our residue assays were conducted in a raspberry field under (not completely closed) plastic hoops, which could have somewhat protected HOOK SWD from environmental breakdown. In fact, the tested formulations of HOOK SWD are not rainfast, and thus require re-application after a rain event. Further research is needed to address these gaps, until then based on our results from open blueberry fields, we recommend using HOOK SWD every 7 d.
In trials evaluating the impacts of weekly and biweekly HOOK SWD applications on local SWD field populations, a spike in infestation was observed toward the end of the season, as is commonly observed (Asplen et al. 2015) . This result suggests that this A&K strategy by itself will not keep infestations near zero for the entire harvest season. Therefore, in a situation with high pressure and low tolerance for fruit infestation, the combination of a cover spray to the entire canopy and a HOOK SWD application seems to reduce infestations to near zero within 2 wk. Previous work has established that a single cover spray provides residual activity against the pest for a period of 5-14 d (Bruck et al. 2011) . Therefore, mortality exerted against SWD after 14 d of a cover spray can be mostly attributed to the HOOK SWD applications during a 49-70 d harvest period.
HOOK SWD has several advantages over complete canopy cover sprays. Field observations show that use of the product will reduce beneficial insect and pollinator exposure to pesticide because there is no-drift and the formulation is applied as distinct point sources, away from the fruit, on the bottom of the canopy. Furthermore, bee exposure to insecticides within the formulation is very low because flowers are not treated and the semiochemical blend in the formulation was designed to specifically attract D. suzukii adult flies, and not bees. In a preliminary trial where bees were counted and pollination time recorded, the number of bees and the time spent per flower were similar when the product was present versus absent. Additional studies are needed to document the nontarget effects of HOOK SWD on beneficial insects. Unlike HOOK SWD sprays that were done with a backpack sprayer, tractor-pulled sprayers can cause plant damage or fruit knockdown in raspberry and blueberry during the harvest season when fruit-bearing branches are blocking the row. The fruits that are knocked on the ground can serve as reservoirs for D. suzukii populations (Bal et al. 2017) . Successful adoption of this A&K management strategy for SWD for organic and conventional fruit production could lead to a large array of benefits, such as reduced insecticide exposure to beneficial insects, reduced usage of broad-spectrum insecticides, and provide the opportunity for growers to implement supplemental biological control options. The range of attraction of the HOOK SWD is unknown and is possible that, because D. suzukii exploits adjacent field margins before colonizing cultivated fruiting crops (Klick et al. 2016b) , it could attract flies from the parcel borders or nearby environment, which could end up causing more fruit damage. Future studies need to investigate the conditions under which this technology breaks down and no longer provides protection against D. suzukii, such as proximity to nearby natural habitats, fly density, and fruit density.
These small-and large-scale field trials in commercial farms have shown effective reduction in D. suzukii population using an A&K strategy in multiple crops and multiple locations. A&K approaches like HOOK SWD can provide an alternative or supplemental control tactic to broad-spectrum chemical control for managing D. suzukii in small fruit operations. From 2009 to 2014, D. suzukii was found to be responsible for nearly US$ 40 million in revenue losses in California raspberry (Farnsworth et al. 2017) , despite the prophylactic use of broad-spectrum insecticide sprays. When HOOK SWD was combined with grower standard complete cover sprays in raspberry field trials, very little fruit infestation was detectable shortly after, suggesting that significant losses could be avoided when a single broad-spectrum spray is combined with a preventative program such as HOOK SWD. Further studies are required to evaluate optimal HOOK SWD spray frequency, longevity compared to other pesticides, efficacy on other drosophila pests, nontarget impacts, and effect on D. suzukii populations in other production systems (e.g., open versus closed fields, organic versus conventional farming, etc.) and regions.
